Abstract. Metals deformed to high and ultrahigh strains are characterized by a nanoscale microstructure, a large fraction of high angle boundaries and a high dislocation density. Another characteristic of such a microstructure is a large stored energy that combines elastic energy due to dislocations and boundary energy. Parameters of the deformed microstructure significantly affect annealing processes such as recovery and recrystallization. For example, the recovery rate can be significantly increased after high strain deformation and restoration may occur as either discontinuous recrystallization or structural coarsening. A characterization and analysis of deformed and annealed microstructures presented in this work covers Al, Ni, Cu and Fe heavily deformed by rolling, accumulative roll bonding (ARB), equal channel angular extrusion (ECAE) and high pressure torsion (HPT). The important effect of recovery on subsequent restoration processes is discussed along with the effect of heterogeneities both on the local scale and on the sample scale.
Introduction
Metals and alloys deformed to low and high strains are characterized by a universal pattern of microstructural subdivision. Dislocations generated during deformation form dislocation boundaries with average parameters strongly affected by strain. The average boundary spacing decreases with increasing strain, whereas the mean misorientation angle increases [1] . The structural refinement is accompanied by the development of a deformation texture, an increase in strength and a decrease in ductility. An optimization of structural parameters is therefore an important research theme of both scientific and technological interest. A part of this research is quantification and analysis of structural changes during deformation and annealing. This is the theme of this overview paper, which will concentrate on the microstructure both in the deformed condition and after annealing of metals deformed at room temperature and in a strain range from ~1 to 300. Under the chosen conditions, the structural scale can be reduced to be of the order of ~50-100 nm.
Deformed microstructure
Different deformation processes and conditions have lead to a multitude of structures which however show a universal pattern of structural subdivision on a scale becoming continually refined with increasing strain. Subdividing boundaries are typically dislocation boundaries (<15°) and high angle boundaries (≥15°) which are deformation induced boundaries supplemented by original grain boundaries. During monotonic deformation to medium and large strains the microstructure will evolve in accordance with the external shape change, i.e. into a lamellar structure during rolling and into a fibrous structure during drawing. For more complex deformation modes, e.g. ECAE and multiaxial compression, more equiaxed structures can be produced. Common to the different patterns of evolution is that with increasing strain the boundary spacing decreases, the fraction of high angle boundaries increases and the stored energy increases. For some of the structural parameters saturation may be approached at large strains. For example, it is a general observation that the fraction of high angle boundaries increases with increasing strain toward 60~80%, see Fig. 1 . Fig. 1 . Fractions of high angle boundaries (HABs) measured in aluminum and Al-alloys processed by cold rolling and ECAE. The figure contains the data originally summarized in Ref. [2] .
Global and local structure. Descriptions of structural parameters on the global or sample scales are required in many types of analysis. However, when studying the microstructural evolution during annealing it is especially important that a global characterization is supplemented with a structural analysis on the local scale [3] . Global variations may have their origin in a non-uniform strain distribution imposed by processing. Examples of such variations are through-thickness heterogeneities after ECAE [4] and rolling [5] . It has also been demonstrated that deformation structures can correlate with crystallographic orientations. Such correlations have been analyzed in detail for samples deformed to low and medium strains [6, 7] . It the following, it will be shown that correlations between structural parameters and local crystallographic orientations may also be found after very high strains.
In a heavily rolled sample, the subdivision of original grains leads to a break-up into finely spaced texture components. These components are separated by lamellar boundaries of low and high misorientation angles. Depending on the original grain orientation this break-up may lead to significant local variations in the deformed microstructure. An example is shown in Fig. 2 for 99.5% pure Al cold-rolled 90% (ε vM =2.7), where misorientation angles were measured in a TEM [8] . This figure reveals an alternating character of the misorientation angle in the normal direction. It is seen that regions along the beta fiber between B/S and Copper (C) components plus some random (R) components are characterized by large orientation changes, whereas there are small orientation changes in a large area having the Goss (G) and Brass (B) and other random orientations. A similar grain subdivision into a structure, where regions with a high fraction of high angle boundaries alternate with regions of much lower density, has been observed by EBSD in ultralow-carbon steel cold-rolled to 80% reduction [9] and in ECAE-processed copper [4] . Fig. 2 . Misorientations measured in commercial purity aluminum cold-rolled 90% (ε vM =2.7). Note the alternating character of the misorientation angle with distance along the ND [3, 8] .
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To further investigate a correlation between the microstructure and the crystallographic orientation of the volume in which it develops, polycrystalline nickel (99.96%) with a large grain size of ~500 µm has been characterized by EBSD after cold rolling up to large strains [10] . After 98% rolling (ε vM =4.5) the large initial grain size was reduced to about 10 µm. In this heavily rolled material wide regions have been identified as either rolling texture regions or non-rolling texture regions, where the former contained characteristic C, S and B texture components with a total volume fraction of 82% [10] . The EBSD analysis also showed that the non-rolling texture regions in comparison with the rolling texture regions were more finely subdivided and contained a higher fraction of high angle boundaries. Similar results were have also been reported for aluminum coldrolled to a reduction of 86% (ε vM =2.3) [11] .
In order to characterize the structural heterogeneities, it has been suggested, based on an EBSD analysis, to partition a deformed microstructure into high misorientation regions (HMRs) and low misorientation regions (LMRs), where the former contain a high fraction of high angle boundaries whereas the latter has the character of a microstructure deformed to a low strain with predominantly low angle boundaries [12] . The extent of heterogeneity can then be evaluated based on the proportion of LMR and HMR areas, a method that has been applied for a structural analysis of several metals deformed by ECAE and ARB [4, 12, 13] .
Stored Energy. The stored energy is typically measured by microscopy (TEM and SEM) and by calorimetry and results for cold-rolled Al and Ni are shown in Fig. 3 and Fig. 4 . The stored energy increases linearly with strain, however with a much faster rate for Ni than for Al. This difference has partly its cause in the higher shear modulus and larger boundary energy in Ni, but also in less dynamic recovery during deformation leading to a significantly finer microstructure in Ni than in Al for a similar strain. The stored energy contains contributions from different sources however major contributions come from the presence of dislocations and high angle boundaries. 
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The elastic stress stored in the dislocation structures contributes with an energy E(ρ) per unit volume which can be expressed by the general equation:
where ρ is the dislocation density in dislocation boundaries and between boundaries, G is the shear modulus, b is the Burgers vector, ν is Poisson´s ratio and f(ν) = (1-ν/2)/(1-ν). R is the upper cut-off radius which can be approximated by the average dislocation spacing, i.e. R ≈ 1/ρ 1/2 . For not too large dislocation densities Eq. 1 can be approximated by the equation:
The major contribution to the dislocation density is the dislocation stored in boundaries. This density is proportional to the surface area per unit volume of boundaries and their misorientation angle. For the dislocation stored between the boundaries their contribution is small at medium and large strains. The high angle boundaries contribute with an energy E(b) per unit volume which can be expressed:
where γ is the grain boundary energy and S V HAB is the surface area per unit volume of high angle boundaries which can be approximated:
where d r is the random spacing between all boundaries and F HAB is the fraction of high angle boundaries.
As an example, numbers for the stored energy in nickel cold deformed over a large strain range are given in Table 1 based on structural data from Refs [16, 17] . The values for E(ρ) and E(b) in this table are determined using TEM data. Table 1 illustrates the decreasing contribution of E(ρ) to the total stored energy as the strain is increased but also that E(ρ) is still large even at the highest strain. The table also shows the significant effect of an impurity content, not only increasing E(tot) but also E(ρ)/E(tot), an effect which may be related to less dynamic recovery during processing. The numbers in Table 1 were
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Recrystallization and Grain Growth IV obtained on the sample scale, but as significant structural differences can be observed on a local scale in a deformed structure, such differences can lead to local differences in the stored energy. An example is 99.1% pure Al cold-rolled to a reduction of 86% (ε vM =2.3), where a TEM analysis of one region has shown that the total stored energy was 1.0 MJ/m 3 , whereas the individual texture components in that region had significantly different energies: 0.7-0.8 MJ/m 3 for the C and S components and 1.4 MJ/m 3 for other components [11] .
Annealed microstructure
Annealing processes will in the following be discussed in classical terms such as recovery and recrystallization, where the latter consists of nucleation and growth. Recrystallization can therefore typically be characterized as a discontinuous process, which is preceded by a recovery stage. When first recrystallization nuclei develop, recovery proceeds concurrently with recrystallization. Both during recovery and recrystallization characteristic processes are dislocation annihilation and boundary migration, where the latter takes place in response to a driving pressure (P) in the form of the stored energy. The boundary velocity (V) can then be expressed by the relationship [18] :
where M is the mobility of the boundary. The magnitude of M is affected by many parameters but as P increases at large strains a resultant high value of V may lead to a lack of thermal stability even at room temperature [12] . Recovery. The structural evolution during recovery may involve different processes such as removal of low angle boundaries by coalescence and by migration of medium and high angle boundaries. Separation of such processes is difficult, however a determination of the recovery rate and the activation energy may give a guideline to identify and analyze them. With this aim aluminum (99.5%) cold-rolled to strains ε vM =2.3 and ε vM =4.5 has been isothermally annealed and the change in hardness has been measured [19, 20] . Based on such data, the recovery rates, excluding a contribution from recrystallization, have successfully been described by a first order chemical reaction rate equation with an activation energy which varied from 89 kJ/mol at the onset of recovery to 125 kJ/mol at its conclusion. These values were significantly lower than that for recrystallization (178 kJ/mol). This change in the activation energy points to operation of different processes during recovery with different activation energies. This experiment has also shown that increasing the strain from 2.3 to 4.5 has an insignificant effect on the activation energy of recovery and on the time to initiate recrystallization [19] . However, the more deformed material has a recovery rate which is much faster than the less deformed material and a further rate increase is observed when the strain is increased to ε vM =6.4 [20] . A similar strong effect of strain has been observed in aluminum of commercial purity deformed by ARB up to a strain of ε vM =4.8 [14, 15] . This effect of strain may have its cause in a significant increase in the fraction of finely spaced high angle boundaries which may act as efficient sinks for dislocations. This effect of strain appears to be material specific as the degree of recovery determined by hardness measurements has been found to be fairly limited in metals such as pure nickel (99.99%) deformed by HPT to a strain of about 100 [17] and in pure copper (99.98%) deformed by ECAE to a strain of about 10 [4] . As to the effect of impurities, a comparison of 99.99% pure nickel with 99.5% pure nickel shows a significantly higher recovery temperature in the latter, whereas the degree of recovery at the initiation of recrystallization is comparable in the two materials [17] .
Recovery will also be affected by structural heterogeneities as it has been demonstrated in aluminum cold rolled up to ε vM =4.5 [21] . The structure is a typical deformation microstructure subdivided into thin lamellae. In this structure the fraction of high angle boundaries and the stored energy is smaller in the lamellae of rolling texture orientation than in lamellae of other orientations causing a faster recovery in the latter regions, see Fig. 5 [21] . Fig. 5 . TEM image showing heterogeneous structural coarsening in aluminum (AA1200) cold rolled to ε vM =4.5 and annealed at 220°C for 2 h. The band within the two dashed lines has orientations of the rolling texture components and recovers slower than the remaining structure with orientations of a mixed texture consisting of rolling and other components [21] .
Recrystallization. Recrystallization competes with various recovery processes and is discontinuous during annealing after medium to high strains [18] . The discontinuous process is formation and growth of strain free grains or nuclei in a deformed and recovered matrix (see Fig. 6 ). However, when the applied strain is very high, recovery may continue to higher temperatures and longer annealing times. A discontinuous process may therefore be replaced by a continuous one which may be termed continuous recrystallization or continuous coarsening. It should however be noted that a high strain will not per se lead to a continuous process as demonstrated in Table 2 summarizing observations covering different metals and different deformation modes. Fig. 6 . Grain boundary EBSD maps for nickel (99.99%) deformed by high pressure torsion to ε vM =100 and annealed. The micrograph shows that discontinuous recrystallization occurred during annealing [17] . 
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Continuous recrystallization has been reported for a number of cases, for example, in aluminum deformed by cold rolling [26, 27] and ECAE [28] , and in IF (interstitial-free) steel deformed by ARB [29] and ECAE [28] . These cases have been supplemented with observations where continuous and discontinuous recrystallization take place simultaneously in a sample [30, 31] which may relate to the existence of structural heterogeneities in the deformed state.
The many annealing studies have not unambiguously identified key parameters which determine whether a metal deformed to large strain will recrystallize discontinuously or coarsen continuously. It must however be assumed that if the driving pressure present as elastic energy in the dislocation structures dominates, discontinuous recrystallization may be favored. On the other hand, if the driving pressure due to boundary energy is dominating, continuous coarsening may take place. However, when considering the driving pressure, it must be taken into account that this parameter decreases during the recovery stage with a rate which is material dependent (see the previous section). This means that a metal like aluminum which recovers at a fast rate in the highly strained condition may have a larger tendency to coarsen continuously than, for example, nickel and copper which appear to recover at a fairly low rate. Such an effect of a change in driving pressure due to recovery has been examined in aluminum (99.99%) deformed by ARB to ε vM =4.8 [32] , where discontinuous recrystallization has been changed into continuous coarsening by extending a low temperature recovery anneal at 175°C from 0.5 h to 6 h and thereby reducing the driving pressure from 70 to 30% of the driving pressure in the deformed state. As an alternative to or in combination with a manipulation of the driving pressure the effect of impurity or alloying elements on the boundary mobility [33] should also be part of future research aiming at optimization and stabilization of highly strained metallic materials.
Concluding Remarks
• The evolution of deformation structures is well characterized on the global scale. but the quantification of structure heterogeneities on the local scale is important also including the relationship between microstructure and crystallographic orientation (texture).
• The evolution of annealing structures in highly strained metals is different from the evolution which has been established for metals deformed to lower strains. Relationships between the deformation and annealing structures are important both on the global and the local scale.
• The balance between discontinuous recrystallization and continuous coarsening is important when annealing processes are optimized to improve the properties and thermal stability of fine structured metals produced by plastic deformation to large strains.
